SUMMARY Autoregulation and CO2 responses were investigated concurrently in cerebrum, cerebellum, and spinal cord of 19 cats by means of hydrogen clearance. Under ketamine and nitrous oxide anesthesia at normal systemic mean arterial blood pressure (MABP 123 ± 18.4 mmHg, mean ± standard deviation) blood flow was 86 ± 30.0 ml/100 g/min in the cerebrum, 48 ± 13.6 ml/100 g/min in the cerebellum, and 46 ± 18.7 ml/100 g/min in the spinal cord. During normocapnia (PaCO 2 27-33 mmHg) for every mmHg of PaCO 2 variation an average flow change of 1.7 ml/100 g/min was found in the cerebrum, corresponding change rates in the cerebellum and in the spinal cord were 1.1 and 0.9 ml/100 g/min/mmHg, respectively. Thus, the effect of carbon dioxide appears to be positively correlated with the normal level of regional perfusion and metabolism. Flow values within 10% of control were recorded in the cerebrum at MABPs ranging from 79 to 123% of normal blood pressure, 53 to 146% in the cerebellum, and 83 to 128% in the spinal cord. These results suggest greater susceptibility to pressure dependent ischemia of cerebrum and spinal cord, with relative resistance of the cerebellum. Stroke Vol 15, No 1, 1984 REGULATION OF BLOOD FLOW by metabolic factors as well as autoregulation are well established for the cerebral cortex. However, data on such regulatory mechanisms in the cerebellum and spinal cord are scarce. There are no repeated simultaneous flow measurements concurrently measured in all these parts of the central nervous system reported in the literature as far as we are aware. Comparisons of vascular pathophysiology in different animals and in different laboratories are, therefore, biased by considerable differences between experiments. The present studies were designed to provide comparative intra-individual information on relationship between systemic arterial blood pressure and PaCO 2 , respectively, and central nervous system blood flow (CBF) measured by means of hydrogen clearance technique concurrently in cerebrum, cerebellum, and spinal cord.
cheostomy the animals were paralyzed with repeated doses of pancuronium bromide (0.24 mg/kg body weight every 2 hours) and artificially ventilated with a Starling breathing pump. Anesthesia was maintained with a 3 to 1 mixture of nitrous oxide and oxygen. Rectal temperature was kept at 37-39°C by means of a heating lamp.
The animal's head was fixed in a head holder, and burr holes, 3-4 mm in diameter, were made both in the frontal and occipital bone. Then a spinous process was fixed in a special holder, and a small laminectomy was performed at L 3. After incising the dura glass insulated platinum electrodes (measuring 10-20 fim in diameter and 1 mm in length exposed) were inserted into the somatosensory cortex, the cerebellar cortex, and the dorsal horn of the spinal cord at L 3. In these areas blood flow was measured concurrently by recording hydrogen clearance after inhalation of a gas mixture containing 5-12 %H 2 . Flow values were calculated from H 2 -clearance curves starting 40 sec after terminating hydrogen inhalation by using the equation: CBF (in ml/100 g/min) = 69.3/T l/5 . PaCO 2 was manipulated between 13 and 80 mmHg. It was increased by raising the concentration of CO 2 in the inspired gas mixture starting 10 min before hydrogen administration. Hypocapnia was induced by hyperventilation. During these carbon dioxide experiments the average coefficient of variation for systemic mean arterial blood pressure (MABP) was 3.5%, arterial pH varied from 7.04 to 7.72, and arterial oxygen saturation ranged between 92.4 and 99.5% with an average coefficient of variation of 2.8%. Noradrenaline and trimethaphan camsylate (Arfonad®) were used to manipulate MABP between 45 and 205 mmHg; flow measurements were then repeated after a 10 min stabilization period.
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STROKE VOL 15, No 1, JANUARY-FEBRUARY 1984 standard experimental conditions, control CBF was significantly lower (Dunn-Rankin test: P < 0.01) in both cerebellum (48 ± 13.6 ml/100 g/min) and spinal cord (46 ± 18.7 ml/100 g/min) than in the cerebral cortex (86 ± 30.0 ml/100 g/min). Differences between CBF of cerebellum and spinal cord, however, were not statistically significant. Eighty-seven blood flow measurements were obtained at various levels of PaCO 2 , and a power curve fit was used to approximate the PaCO 2 -flow relationships. Individual results from each of the CNS regions examined, and the corresponding regression lines, are shown in figure la-c. In spite of considerable variance among animals the regression lines were highly significant. Upon comparison of the three regression lines and their respective 95% confidence limits ( fig. 2 ) it is apparent that the above stated relation of flow values in the three regions holds over a wide range of PaCO 2 . Furthermore, within the limits of carbon dioxide tensions studied, the rate of CBF change appeared to be positively correlated with mean regional CBF and the physiologic range of variations of local metabolism. In the normocapnic range, a rise in PaCO 2 by 1 mmHg was accompanied by an average CBF increase of 1.7 ml/100 g/min for the cerebral cortex, 1.1 ml/100 g/min in the cerebellum, and 0.9 ml/100 g/min in the dorsal horn of the lumbar spinal cord. Average percent change rates, however, did not differ significantly among regions.
For comparison of pressure-flow relationships in different CNS regions a total of 275 hydrogen clearance curves were recorded at various blood pressure levels during normocapnia. Because of substantial differences between animals, all pressure and flow data were expressed as a percentage of their respective values under control conditions. As suggested by HER-NANDEZ et al., 1 a third degree polynomial was fitted to the data from each experiment ( fig. 3a-c) , and weighted regressions were computed for the three areas. Figure 4 demonstrates differences in CBF responses to changes in individually standardized MABPs, between cerebrum and spinal cord on one side and cerebellum on the other. Using arbitrary limits of 90 and 110% of control blood flow for definition of the range of autoregulation, best autoregulation was found in the cerebellum (from 53 to 146% of control MABP), while cerebral and spinal cord CBF likewise exhibited autoregulation in a significantly narrower MABP range (79-123% and 83-128% of control respectively).
Discussion

Rationale and Methodological Considerations
Differences in the susceptibility of various parts of the central nervous system to infarction or parenchymaJ hemorrhage are well documented: In epidemiological surveys 2 and large pathological series 3 the ratio of cerebellar to cerebral infarctions is about 1 to 10; in clinical studies a still lower incidence of cerebellar infarcts has been reported. 4 Although these observations may also reflect diagnostic problems concerned with vascular disease confined to the cerebellum there appear to be regional differences. Infarction of the spinal cord is even less common.
5 These discrepancies cannot be explained by differences in volume alone of these different anatomical CNS structures. More likely they may be due to differences in the anatomy of supplying blood vessels, differences in regional distribution of chemical or neurogenic vascular control mechanisms, and/or different metabolic demands and ischemic vulnerability of regional nervous tissue. One of these factors, the regulatory capacity of regional blood supply, was measured in the present experiments.
In order to minimize scatter of data, CBF responses to changes in systemic arterial CO 2 tension and blood pressure were investigated by repeated flow measurements in the cerebrum, cerebellum, and spinal cord concurrently. There are several reports on concurrent CBF determinations in various parts of the CNS, 6 " 10 and some were performed repeatedly, but no data have been gathered for all three distinct vascular territories: including carotid, vertebral-basilar, and the spinal cord territories. The hydrogen clearance method for measuring rCBF"-l2 has been used in the present study, because the technique permits repeated simultaneous flow measurements by means of several electrodes. Distinct advantages, including the possibility of multiple determinations at short intervals of time from multiple locations with good reproducibility over a prolonged interval, 13 were considered to outweigh certain disadvantages of this method as we used it, namely electrodes were inserted directly into the tissue, with an open skull preparation.
Control CBF Values
It is well known 13 that flow values determined by the hydrogen clearance technique are lower than those measured by autoradiography utilizing freely diffusible indicators, 1415 they may be higher and usually
90
nHg]
follow rapid changes better than those examined by the injected microsphere method.' 617 Reported flow values in the cerebrum (138 ± 12 ml/100 g/min, 14 109 ± 4ml/100g/min, 18 102 ± 4 ml/100 g/min, 6 199 ± 22 ml/100 g/min' 5 ) and cerebellum (69 ± 4 ml/100 g/ min,"83 ± 3 ml/100 g/min,' 8 93 ± 5 ml/100 g/min 6 ) measured in alert animals are higher than ours, probably because of differences in the recording technique and the anesthesia used in the present experiments. Anesthesia has been shown to depress CBF' 4 -"• w by reducing cerebral metabolism. Values measured in the spinal cord were higher than those previously published (16.5-23.7 ml/100 g/min, 9 16.2 ml/100 g/min, 21 10.8 ml/100 g/min, 10 17.5 ml/100 g/min
22
) except for Freygang et al" who reported higher flow levels in the awake cat (63 ± 4 ml/100 g/min). Differences between reported values and our figures, which are close to those found by Freygang et al 19 during light anesthesia (53 ± 7 ml/100 g/min), suggest that Freygang et al's 19 and our data were obtained from the gray matter of the spinal cord. Low flow values reported in the literature may represent a mixture of white and gray flow, which was probably excluded in the present experiments by demonstrating monoexponential washout curves by semilogarithmic plots.
CO 2 Responses
The general shape of the response curve of CNS perfusion to changes in PaCO 2 is well established 23 " 25 and, therefore, no data were collected at extreme hypoor hypercapnia in the present experiments. Most authors fitted a straight line 10 ' M -' 6 or an exponential function 27 to their experimental data, although, for reasons of general physiology and according to the results of Reivich, 23 an asymmetric sigmoid PaCO 2 -flow response curve with its point of inflection in the normocapnic range would be expected to give the best fit. This model, however, requires a sufficient number of flow measurements at extreme values of PaCO 2 . In the present study a power curve fit was used as a close approximation. Resulting regression lines indicate significant differences among the three CNS structures examined.
The observed regression lines in cat cerebrum are similar to those reported for the baboon (1.92 ml/100 g/min 28 ) and are somewhat higher than for the rhesus monkey, (0.71 ml/100 g/min 23 ) and lower than for the gerbil (3.14 ml/100 g/min 6 ) and rat (2.3 ml/100 g/ min, 26 4.9 ml/100 g/min 1 ). In humans considerably steeper regression lines were found (4.37 ml/100 g/ min, 29 3.2 ml/100 g/min 30 ). Only Flohr et al 9 determined CO 2 response in the cerebellum (cat). Their estimate, obtained by the microsphere technique, gave much higher results than those reported here (2.84 compared to 1.1 ml/100 g/min). The rate of CO 2 dependent change of blood flow in the spinal cord of cats from the present series is in good agreement with reports for the cervical cord of cats (0.91 ml/100 g/min 9 ) and for the thoracic cord of rhesus monkeys (0.86 ml/ 100 g/min 23 ) while lower values were determined for the lumbar cord of dogs (0.37 ml/100 g/min 10 ) and goats (0.617 ml/100 g/min 21 ). A major part of these discrepancies may be explained by the mixed flow compartments examined in most reported studies.
In the present experiments the cerebral cortical vasculature showed the greatest responses to shifts of arte-AUTOREGULATION AND CO 2 RESPONSES IN CAT/Sato et al 95 rial CO 2 tension. The large regulatory capacity corresponds to the high levels of resting CBF for this structure and may be related to microvascular density. In comparative morphometric studies of the capillary system of the CNS 31 the highest values for capillary length per tissue volume were found in the cerebral cortex (1,155 mm/mm 3 ), followed by the cerebellar cortex (approx. 800 mm/mm 3 ) and spinal gray matter (approx.730 mm/mm 3 ), thus forming the same descending order established for the regional CO 2 response in the present study. However, it is not known if capillary density closely parallels the density of arterioles below 50 \i, comprising the major resistance vessels that are thought to effect PaCO 2 dependent flow changes. 32 
Autoregulation
Autoregulation has been defined as the "intrinsic tendency of an organ to maintain constant blood flow despite changes in arterial perfusion pressure."
33 It was investigated in many studies by manipulating MABP either by bleeding or by drugs affecting vascular muscle tone. Pressure/flow response curves from the present study, as represented by weighted polynomial regression lines, are in good agreement with curves given by other authors, mostly investigating flow response only to decreases of MABP and fitting a curve to their data by eye.
34 ' 3 * Calculations similar to our analysis were performed by Hernandez et al' on cerebral blood flow data, and by Senter and Venes 37 in a study of spinal cord flow. A systematic comparative investigation of the pressure/flow relationship in various parts of the CNS, however, has not as yet been performed. Irrespective of the arbitrary limits of "normal perfusion" at say 90 and 110, or 80 and 120 per cent of control blood flow, in our experiments the cerebellum had the widest range of autoregulation and, as shown in figure 4, interindividual variation was least in this area. Similarly, Yoshida et al 7 reported a smaller percentage increase of blood flow for the vertebral than for the internal carotid artery during acute hypertension in the monkey, while flow data obtained by the microsphere technique indicate a comparable response to hypotension 16 and elevation of intracranial pressure, 17 respectively, in the cerebral cortex and cerebellum of the dog and rabbit. Contrary to our observation Tomita et al, 38 using an invasive photoelectric method of flow measurement, found that the cerebrum of the rhesus monkey tolerates low blood pressure better than the cerebellum, and Naritomi et al 39 reported a 133Xe inhalation-CBF study in patients with cerebrovascular disease showing a stronger effect of orthostatic hypotension on cerebellar than on cerebral blood flow. Both techniques of flow determination, however, may suffer from large methodological errors particularly when applied to measurements within the posterior fossa. In the present experiments the range of MABP within which flow did not change by more than 10 per cent in either direction was strikingly similar in the cerebral cortex and in the spinal cord. This observation corresponds fairly with report- Autoregulation implies active vasomotion, and hence adaptation of vascular resistance, in response to changes in MABP. Therefore, assuming a venous pressure of 5 percent of control MABP to approximate the effective pressure gradient, a resistance index RI = (MABP in per cent of control -5)/blood flow in percent of control may be calculated from our original data.
1 - 40 The use of systemic blood pressure in lieu of the unknown local arteriolar pressure appears justifiable, particularly since a close linear relationship between MABP and pressure in cerebral arterioles was shown.
41 A comparison of the pressure/resistance relationship in all three examined CNS segments ( fig. 5 ) clearly demonstrates that the cerebellum has the strongest resistance response to blood pressure changes, i.e. the largest autoregulatory capacity. However, at pressure values higher than the breakthrough point 42 excessive arteriolar distension also occurs most rapidly in that part of the CNS. Thus, the cerebellum would appear to be prone to hemorrhage during peaks of high blood pressure, the cerebrum and spinal cord being more susceptible to hypotensive damage. The low rate of manifest ischemic events, 3 and a comparatively low flow threshold of synaptic transmission 43 in the spinal cord though may indicate selective vulnerability within the CNS.
Some of the discrepancies among regions regarding their autoregulation characteristics may be attributed to differences in their respective vascular innervation. For example, in the vertebral-basilar system a relatively greater number of cholinergic nerve endings were demonstrated, 44 while in the carotid territory, as opposed to the cerebellum and spinal cord, adrenergic nerve endings were found in greater abundance. Interregional differences in the specific angioarchitecture may also play a role.
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Conclusions
Data from the present series of experiments provide good evidence for discordant response characteristics to physiologic stimuli in various parts of the CNS. In the cat with its primarily vertebral supply of the intracranial circulation the large cerebellum is particularly safeguarded against changes in systemic blood pressure. The cerebral cortex requires a regulatory mechanism sensitive to certain chemical stimuli, in order to adjust blood flow according to the high and rapidly changing metabolic demand of this CNS structure, as opposed to the relatively ischemia-resistant spinal cord. 
